Summary
The Navier-Stokes equation is directly solved by the finite-difference method to simulate 3-dimensional viscous flow fields with free-surface around a Wigley model. The body-fitted coordinates, non-staggered mesh system and the third-order upstream differencings for the convection terms are used in the present method. The solution procedure is a time-marching calculation of the velocities, followed by a solution of the pressure field in which the pressure iterations are made to reach convergence.
A closer examination of the numerical scheme such as grid schemes and computing domains are made.
It is found that either a narrow domain or a coarse grid system suppresses the development of the free-surface elevation.
The computational results around the bow agree well with the experimental results even though the Reynolds number is not the same, but the stern flow does not. This may be partially due to the difference in the Reynolds number. The criterion for the sub-breaking is applied to the computed results. It detects the appearance of sub-breaking waves in the course of computation.
The results corresponds to the observed free-surface flows.
Introduction
To solve directly the full Navier-Stokes equations for flows past geometrically ship-like bodies, the previously developed 2-dimensional numerical codes by Shin and Mori [1] Differentiating ( 1 ) with respect to x, y and z, we can have (5) The last term in ( 5 ) is expected to be zero and can be solved by a relaxation method. The new free-surface at the (n+ 1) th time-step is calculated by moving the marker particles by (6) The z-coordinate of the free-surface is re-arranged by the bivariate linear interpolation in proportion to the newly calculated projected-area. Fig. 1 . In order to simulate 3-dimensional free-surface flows, the general curvilinear coordinate transformation is introduced ;
Then ( 1 ) are used for the pressure boundary conctitions. The pressure on the free-surface is presumed to be the atmospheric, while the velocity is zero-extrapolated at each time-step from that of adjacent inner points.
On the other boundaries, the followings are adopted. 
1 Grid generation and computing condition.
The H-shape grid scheme is adopted for the flows to be treated more carefully not only near the body but also near the free-surface. The 0-shape grid is somewhat easier to be generated, but it may not be convenient to handle the free surface.
A coordinate is adjusted at each time-step to correspond always to the free-surface. The location of grids between the free-surface and the bottom is redistributed proportionally to the free-surface elevation. By this scheme, it is expected that the free-surface condition, i. e., the constant pressure condition can be directly applied without any interpolation. Fig. 2 shows the perspective view of the grid scheme generated. For the numerical stability and efficiency, the grid scheme near the body is required to be orthogonal to it and the grid size should change smoothly. For the interpolation of the boundary conditions and the rapid changes of the variables, the mesh is requested to be concentrated near both the free-surface and the To review the effects of computing domain and grid numbers, three types of schemes are applied to the computation. The computing conditions for the three cases are tabulated in Table  1 ; grid scheme A (abbreviated by GS-A, hereafter) has the narrowest computing domain, while GS-C has the finest grid size.
The maximum size of mesh in the x-direction is about 1/50 of the wave length. Fig. 5 shows the comparison of the wave patterns at T = 3. The result of GS-A is strongly reflected than that of GS-B on the lateral boundary due to the narrow computational domain in the y-direction. This means that the computing domain is an important factor in the computation. On the other hand, the result of GS-C is more widespread than that of GS-B in both directions. It is very reasonable because the development of freesurface waves is considerably affected by the mesh size. Fig. 6 shows the comparison of the computed results of the wave patterns with the measured at Fn =0.25. To get more developed free-surface waves, (200 x 50 x 15) meshes are used. It is solved by the double-mesh method to carry out the computation more efficiently. A good agreement is observed with the measured. This means that the Reynolds-number dependency seems not so much as has been pointed out, e. g. [ 2 . Fig. 7 shows the pressure distributions on the hull surface. There can not be seen so much significant dependency on the grid scheme as suspected from the wave pattern. The difference of the total pressure drag 
Detection of sub-breaking waves
As an application, sub-breaking waves are numerically detected in the free-surface flows past a Wigley hull. The sub-breaking waves are ripple-like waves which are supposed to be caused by the instability of the 
Although the flow around the Wigley model is not 2-dimensional, the 3-dimensionality may not be so strong that we can expect (12) is applicable without any significant errors. Fig. 9 shows the variations of MU° vs x around the first wave crest. The analysis is made along the curved lines indicated there, and those at three speeds of Fn =0.20, 0.25 and 0.316 are compared. is the free-surface elevation. Because M is negative, the negative gradient of M/U0 to x suggests the possibilities for the free-surface flow to be unstable. Steep negative gradient is not seen at Fn =0 .20, but the gradients at Fn =0.25 and 0.316 are significantly negative behind the wave crest. The results may suggest that the free-surface flows at F, =0.25 and 0.316 are likely to be unstable behind the wave crest while that at Fn =0.20 is stable. Fig. 10 shows the photographs of the free-surface flows taken at three corresponding Froude numbers. There can be seen wrinkle-like waves behind the diverging waves at Fn =0.25 and 0.316 ; those at Fn =0.316 are much more intensive than those at F, =0.25. On the contrary, no such waves can be observed at Fn =0.20. This observation supports the instability analysis shown in Fig. 9 and the present computing code can be applied to detect the occurrence of breaking.
Conclusion
An N-S solver is applied to simulate the 3-dimensional free-surface flows past a Wigley model. Through the present studies, we can draw the following conclusions.
The present computing scheme can validly simulate the flows past a ship-like body, although the wave pattern is not fully developed around the stern-part partially due to the low Reynolds number.
The computing domain and the grid size affect much on the development of waves. They are essential to have well-developed wave patterns. The numerical convergence can be checked by calculating the drag coefficients. The frictional resistance agrees well with the Blasius solution, but the wave-making resistance is less than the experimental data.
It is numerically confirmed that the criterion for the appearance of sub-breaking waves works well, and the present scheme can be applied to detect the occurrence of breaking waves of ships.
It is necessary and important to extend the present code capable for higher Reynolds number flows by introducing a turbulence model which is left for future works. of Japan, Vol. 166 
